Abstract-We consider linear precoding in the downlink of a multiuser multiple-input-single-output (MISO) overlay cognitive radio (CR) network, wherein a primary base station (PBS) and a cognitive base station (CBS) share the same frequency band to transmit to a number of primary users (PUs) and secondary users. Conventionally, linear precoding techniques in a CR network aim to limit or completely cancel interference to the PUs while achieving maximum downlink throughput of the CR system. In this paper, we investigate novel adaptive linear precoding techniques at the CBS to exploit the interference to the primary and secondary systems, instead of its cancellation, by exploring the potential of making use of interference energy when the interference between the two systems is mutually constructive on an instantaneous basis. By doing so, the received signal-to-noise ratio (SNR) is enhanced by the signal energy gleaned from the constructive interference. In this direction, constructive-interference-based adaptive linear precoding techniques are proposed for the CR network, assuming a simple zero-forcing precoder at the PBS and noncausal knowledge of the primary message at the CBS. The presented analysis and simulations show that the proposed precoding techniques outperform conventional techniques, as the CR transmission actively enhances the performance of the PUs through constructive interference while achieving significant throughput for its own transmission.
I. INTRODUCTION

D
UE TO THE explosive growth in wireless services and applications in the last decade, there has been an everincreasing demand for new spectrum resources. Almost all useful spectrum bands have already been allocated for different services using traditional static spectrum allocation-based licensing. On the other hand, measurements by spectrum regulatory authorities around the world have shown that significant portions of the spectrum remain idle at any location at any given time [1] . This has led to a flurry of research activities in search of new spectrum allocation paradigms that enable more dynamic and flexible spectrum access. Recently, cognitive radio (CR) has gained significant attention as a promising technology for use in next-generation wireless networks due to its potential to provide highly efficient spectrum utilization while allowing cognitive users (CUs, secondary users) to coexist with primary users (PUs). The CR paradigm can be mainly classified into two types: the first one, which is known as interweave CR [2] , where CR uses advanced spectrum-sensing techniques to detect spectrum holes (opportunities) in the PU's licensed bands and transmits its own signals in the detected free bands. It must stop transmission as soon as the PU returns to the used bands so as not to cause any interference to the PU. The interweave approach has been considered for secondary spectrum usage in the TV bands in the IEEE 802.22 standard. The second CR paradigm, which is known as spectrum-sharing CR, allows PUs and CUs to coexist with each other. This can again be of two types, i.e., underlay and overlay. In underlay CR, the CR operates under an interference constraint to the PUs, so that a threshold primary performance is guaranteed. On the other hand, the overlay CR facilitates the primary transmission, aside from its own transmission, with the availability of the PU's message in noncausal or causal manner at the CR transmitter and uses a fraction of its power to relay the PU's message to the primary receiver, in addition to the transmission of its own message, to compensate for the interference that is caused by its own transmission. Several information theoretic studies have been carried out to find an achievable rate region in the overlay CR system [3] - [6] with the assumption of noncausal and causal primary message knowledge. For overlay CR, the noncausal message knowledge assumption at the CR transmitter is justified in practical scenarios where the primary base station (PBS) and the cognitive base station (CBS) are connected through a high-speed backhaul link or, in the case of primary message retransmission, after an initial failure when the primary and CR transmitters are close to each other and the CR transmitter is able to decode the primary message or when there is cooperation between the transmitters.
Recently, there has been a flurry of research activities on the multiuser multiple-input-multiple-output (MIMO) downlink channel, which are mainly motivated by significant capacity increase due to the use of multiuser MIMO techniques [7] - [9] . Under the assumption of perfect channel state information (CSI) at the transmitter and receiver, the use of dirty paper coding (DPC)-based precoding [10] techniques is shown to achieve the capacity of a multiuser MIMO downlink channel [11] . However, reasonable complexity implementation of DPC 0018-9545/$31.00 © 2012 IEEE remains a formidable challenge. Linear precoding techniques have recently emerged to be a low-complexity near-capacity solution for the MIMO downlink channel [12] - [14] . The use of MIMO technologies in a CR setup has recently been investigated in [15] - [18] . In an information theoretic study in [15] , an achievable rate region is derived for the Gaussian MIMO cognitive channel, and an outer bound on the capacity region is also obtained by assuming that the cognitive transmitter has a priori knowledge of the primary transmitter's message, as well as full CSI. In [16] , an opportunistic spectrum-sharing approach is proposed with the deployment of multiple antennas at CBS to maximize the downlink throughput of the CR system while limiting the interference to the PU. In [18] , linear precoding techniques such as maximum ratio transmission, zero-forcing (ZF), optimum interference-free, and optimum interference-constrained are shown to greatly improve the system performance. In [19] , multiple antennas at the secondary 1 transmitter are used to balance between spatial multiplexing for the secondary transmission and interference avoidance at the primary receivers. Convex optimization techniques are used to design algorithms for achieving the capacity of the secondary transmission.
Although there have been many studies on underlay CR in multiuser MIMO setup [16] - [19] , overlay CR in multiuser MIMO setting has not been much studied. An information theoretic study of a cognitive-relay-assisted CR network to determine capacity is given in [20] . Here, cognitive relay is assumed to have noncausal knowledge of primary and cognitive messages and uses DPC to achieve the capacity of the system. In [21] and [22] , a downlink CR network in the presence of cognitive relay is considered, where cognitive relay uses adaptive linear precoding to cancel the mutual interference in primary and cognitive systems. In this paper, we consider a multiuser multiple-input-single-output (MISO) overlay CR network where the PBS and CBS simultaneously transmit in the same frequency band to a number of PUs and secondary users without the presence of any cognitive relay. We consider the communication scenario where PBS and CBS transmissions cause interference to each other. Such a scenario is justified in situations when the CBS is transmitting in the service area range of the PBS, thereby causing interference to each other. As traditional in the overlay CR, it is assumed that the CBS has noncausal knowledge of the primary data vector. This assumption is well documented in CR literature for the overlay CR model [3] - [5] . The PBS uses conventional ZF precoding to completely cancel the interference within its own primary downlink. We apply constructive-interference-based adaptive linear precoding techniques at the CBS to improve the performance of both primary and cognitive systems. With the noncausal primary message knowledge at the CBS, destructive interference is completely canceled, whereas constructive interference is used to add to the received symbol energy, thereby improving the signal-to-noise ratio (SNR) at PUs and CUs. The use of partial constructive-interference-based linear precoding and phase-alignment-based constructive interference precoding is shown to result in much improved performance, compared with conventional linear precoding. Mathematical analysis of the received SNR is then carried out. The symbol error rate (SER), outage, and sum rate performances of the primary and cognitive systems are then analyzed. We further discuss the effect of CSI errors on the performance of primary and cognitive systems. Finally, numerical results are provided to illustrate the superiority of the proposed approach.
At this point, it is worthwhile to clarify the main differences of this work with respect to the most relevant work in [22] . First, while, in [22] , it is assumed that a cognitive relay coordinates the simultaneous transmission of the PBS and CBS, here, we consider the more practical scenario where, in the absence of a cognitive relay, the CBS accommodates crosschannel interference. This makes the cognitive precoding more challenging than that in [22] as the CBS needs to precode for its own downlink, as well as the cross-channel interference. In addition, while [22] considers uniform power allocation, here, we consider separate primary and secondary power loading, which makes this paper more applicable and also differentiates the associated performance analysis. Finally, here, we also investigate the impact of CSI errors on the system performance by means of simulation. For reasons of clarity, we highlight the main contributions of this paper. 1) We have adapted conventional ZF linear precoding to the CR setup in this paper to cancel the interference to PUs and secondary users. 2) Two new precoding techniques are investigated based on constructive interference to improve the primary and cognitive system's performance. 3) Mathematical analysis of the average SNR per symbol for the proposed precoding techniques is presented. 4) Power allocation at the PBS and CBS has been considered, and uniform power allocation is compared with waterfilling power allocation. 5) The SER, outage, and sum rate performances of the primary and secondary systems with and without constructive interference are analyzed. 6) The effect of CSI errors on the performance of primary and secondary systems is explored. The following notations are used for the description throughout this paper: Normal letters represent scalar quantities, boldface letters indicate vectors, and boldface uppercase letters designate matrices. Superscripts (·) −1 , (·) T , and (·) H stand for the inverse operation, the transpose, and the conjugate transpose, respectively. I and 0 represent the identity matrix and zero matrix, respectively. C x×y denotes the space of (x × y) matrix with complex entries. E(·) represents the expectation operator. CN (µ, σ 2 ) denotes the complex normal distribution with mean µ and variance σ 2 . tr{·} and diag{·} denote the trace and diagonal of a square matrix, respectively.
II. SYSTEM MODEL AND PROBLEM FORMULATION
We consider an overlay downlink CR network that shares the spectrum resource with a primary network, as shown in Fig. 1 Fig. 2 shows the system model of the CR network. Here,
N p ×M c denote interference channels between the PBS to secondary users and the CBS to PUs, respectively. All channels are assumed to experience frequency flat fading represented by complex channel coefficients normalized to unit channel power. It is assumed that the PBS and CBS are connected through a high-speed backhaul link to facilitate the noncausal knowledge of the primary symbol vector at the CBS.
The assumption of noncausal primary message knowledge at the cognitive transmitter is a central characteristic of overlay CR works [2] - [5] . Although noncausal primary message knowledge is assumed in early information theoretic papers on overlay CR, recent papers [23] , [24] have highlighted how it could be achieved in practice. Sachts et al. [23] considered a secondary broadband cellular network coexisting with a TV broadcast system where primary and secondary networks are connected through a high-speed backhaul link to make it possible to exchange noncausal primary message knowledge at the cognitive transmitter. Similarly, [24] describes interference mitigation in a two-tier heterogeneous network consisting of macrocell and CR enabled femtocells, where femto-base stations (BSs) and macro-BSs directly exchange information about their messages and channel conditions. The backhaul link (see [25] - [27] ) can be wired, i.e., a fast Ethernet connection as discussed in [26] for the next generation of communication networks or an optical fiber link.
It is also assumed that the CBS perfectly knows the CSI of all the links, whereas the PBS only knows its own downlink channel. The knowledge of CSI of all links at the CBS can be obtained in the following manner: The cognitive downlink channel H cc is estimated at the CUs by decoding the CBS's pilot signals and feeding back the estimate of CSI to the CBS. The knowledge of H pc is obtained at the CUs by synchronizing to primary's pilot signals in every frame and then feeding back this information to the CBS [33] . In the fast-fading scenario, the estimation of channels will be more frequent in every frame. H cp is obtained by listening to PU transmission to the PBS and assuming channel reciprocity due to time-division duplex mode. Knowledge of H pp is obtained by extracting the CSI feedback from the PUs to the PBS [4] . Since the PBS and CBS are connected through a high-speed backhaul link, perfect synchronization between the PBS and CBS can be easily achieved as synchronization information can be exchanged between the PBS and CBS before the transmission [24] .
We denote the information symbol vector corresponding to PUs as
T , which contain the independent information symbols of PUs and CUs, respectively. We assume that the information symbols are drawn from the same symbol constellation whose points have unit energy, i.e.,
It is assumed that s p and s c are the transmitted symbol vectors from the PBS and CBS, respectively, after precoding. P p and P c denote the total transmitted powers for primary and cognitive signals, respectively. P pp = diag{ P p,1 , . . . , P p,N p } and P cc = diag{ P c,1 , . . . , P c,N c } denote the power loadings for the PUs and CUs signals, respectively. For simplicity, we assume equal power allocation for PUs and CUs; hence, power loading for PUs and CUs is given as
T , whereũ p = P pp u p andũ c = P cc u c are the primary and secondary symbol vectors after power loading, respectively.
Assuming conventional downlink linear precoding at the PBS and CBS, the transmitted precoded symbol vectors at the PBS and CBS are given by
where T p and T c denote precoding matrices at PBS and CBS, respectively. β is the average transmitted power normalization factor, which will be explained later.
The received symbol vectors at the PUs and secondary users can be written as
where
c ∼ I N c ) are the additive white Gaussian noise vectors at the PUs and secondary users, respectively.
We introduce the following notations to simplify the analysis:
We now rewrite (3) and (4) in compact form as
In (6), 0 p and 0 c represent the all-zero matrices of dimensions N p × N c and N c × N c , respectively. We define crosscorrelation matrix Q = H H H , which includes the correlation elements
between the crossinterference channels of the primary and secondary systems, where k, n, r ∈ {1, . . . , M c }.
A. ZF Linear Precoding
In the absence of secondary transmission, PBS uses conventional ZF precoding to remove the cochannel interference (CCI) between PUs. When the secondary system concurrently transmits with the primary transmission in the overlay configuration, it uses the noncausal knowledge of the primary symbol vector and primary power loading, as well as the CSI of channel links to design the precoder in such a way that the interferences to PUs and secondary users are canceled due to each other's transmission. This way, the performance of the primary system is maintained the same as in the case of primary-only transmission.
We design the precoder at the CBS using the ZF criterion, excluding the power normalization factor by making the mean square error (MSE) zero, i.e.,
It can be easily proven that the ZF solution to the minimization of is
and exists if H is positive semidefinite. The average transmitted power normalization factor β ZF is given by
If β ZF is different for primary and cognitive transmission, then the MSE does not become zero. Therefore, the CBS has to periodically calculate the value of β ZF and forward it to the PBS. Due to practicality reasons, β ZF is a data-independent power normalization factor that ensures average transmit power normalization. It is only updated when there is change in channel coefficients.
Thus, the received symbol vector at the PUs and CUs is expressed as
III. INTERFERENCE-DRIVEN LINEAR PRECODING IN A COGNITIVE RADIO NETWORK As discussed in the previous section, conventional ZF linear precoding results in the complete removal of interferences at the desired user but at the expense of reduced SNR due to the need for normalization of transmitted power after precoding. In [28] , a novel linear precoding technique based on the utilization of constructive interference inherently present in the system is described for the conventional MIMO downlink. It is shown that, in the case of phase-shift keying (PSK) modulation, interference can be separated as destructive and constructive. The constructive interference between the transmitted symbols can add to the desired symbol energy, leading to higher received power, which leads to an increase in instantaneous SNR, resulting in improved performance without the need to increase the transmitted symbol power. Instead of completely removing the interference present in the system as done in conventional ZF, such precoding is shown to harness additional signal power in the system resulting from the use of the constructive interference. Details of the constructive-interference-based precoding for the conventional downlink can be referred to in [28] . Here, we briefly describe the aforementioned technique in the following.
The symbol-to-symbol CCI caused to antenna r at the receiver from the transmission of antenna m is given as
where u m is the interfering symbol, and ρ m,r is the crosscorrelation element in the cross-correlation matrix Q = H H H . We note that the application of the concept of constructive interference can be carried out with arbitrary modulation. However, we have chosen to perform analysis with quadratic PSK (QPSK) due to the particular usefulness of the proposed technique in high-interference scenarios, where low-order PSK modulation is commonly used to secure low error rates. For quadratic amplitude modulation (QAM), the concept of constructive interference solely applies to the outer points of the modulation constellation (i.e., the 12 outer constellation points out of the 16 total constellation points in a 16-QAM) as the inner points are bounded by the detection thresholds of the outer constellation points, and hence, there are no constructive sectors.
For the example of QPSK modulation used in the following, the interference is constructive when it moves the received symbol away from the decision thresholds in the modulation constellation. The mathematical criteria for constructive interference is shown in [28] for QPSK as
where (x) and (x) denote the real and imaginary parts of the complex number x. We now propose constructive-interferencebased precoding techniques for the CR downlink network investigated in this paper.
A. PLP
Using the knowledge of data and channels at the CBS, the interference is predicted and characterized to design a precoder that retains the correlation elements in the cross-correlation matrix Q that yields constructive interference and eliminates the elements that lead to destructive interference. The precoder forms a constructive correlation matrix Q c that has the elements of Q that yields constructive interference and zeros everywhere
Here, Q c contains the interference elements that need to be retained after precoding. The MSE criterion is then modified to
The solution of (13) is given as
and exists if H is positive semidefinite. The received symbol vector at the PUs and CUs is then given as
The average transmitted power normalization factor β PLP , here, is expressed as
with precoding matrix at CBS T cPLP given in (14) .
B. PALP
It has been shown that the use of constructive interference improves the performance of the system by making use of correlation elements that yield constructive interference and eliminating those that lead to destructive interference. We further make use of a new form of linear precoding technique described in [29] for a conventional downlink scenario. This technique, instead of making the destructive interference terms zero, as described in Section III-A, uses knowledge of the data and cross correlations to rotate the resulting interference to make it constructive. It aims at correcting the phase of the transmitted symbols and equivalently rotating the angle of correlation between them such that resulting symbols after precoding are aligned to the signal of interest. An example of phase alignment linear precoding (PALP) is shown in Fig. 3 for QPSK modulation. Here, the symbol of interest is chosen as u r , and one interfering symbol u m is also assumed; the resulting interference of them are denoted by a dashed arrow in the figure, respectively. The relative phase of the interference with respect to the symbol of interest is denoted as φ m,r . The PALP aims at correcting the phase of the transmitted symbols such that the resulting symbols are aligned to the symbol of interest.
The relative phase φ m,r is given as [29] 
It is observed from (17) that |φ m,r | = 1, and therefore, the amplitude of rotated correlations remains unchanged. In this case, the MSE criterion is given by
where Q φ contains the phase-corrected correlation elements
The precoding matrix at CBS is then given by
Thus, the received signal vector at the PUs and CUs is given by
where the average transmitted power normalization factor β PALP is given as
IV. AVERAGE RECEIVED SIGNAL-TO-NOISE-RATIO ANALYSIS FOR DOWNLINK COGNITIVE RADIO NETWORK
In this section, we derive the analytical expressions for the average received SNR per symbol for primary and secondary systems. To facilitate the analysis, we make the assumption that data symbols are independently and identically distributed (i.i.d) and that the channel experiences uncorrelated Rayleigh fading, which is modeled by zero-mean i.i.d complex Gaussian channel coefficients, for all links involved.
Mathematical analysis of the received SNR per symbol for ZF, partial linear precoding (PLP), and PALP is described in the following.
A. ZF
By applying ZF to the CR network, mutual interferences to the PUs and CUs are completely canceled, and therefore, the average received SNR per symbol at the PU is given by
Similarly, the average received SNR per symbol at the secondary user is given by
B. PLP
It can be seen from the analysis of Section III-A that, for PLP, the instantaneously constructive interference is retained in the received signal at the PUs and CUs. We now find the average received SNR per symbol at the primary and cognitive receivers in the following:
Primary SNR: To find the SNR at the PU, the received symbol at the rth antenna of the PU can be written as (25) where A p and A c denote the number of primary and cognitive transmitted signals that constructively interfere with the desired signal at each symbol period. The second and third terms in (25) contribute to useful signal energy on an instantaneous basis and therefore are part of the useful power expression. The average received SNR is expressed as (26) , shown at the bottom of the page. We have assumed i.i.d primary and secondary data symbols. It is also assumed that the transmitted power normalization factor is statistically independent of the data and cross-correlation coefficients. Although this assumption appears contradictory to (14) , it is true for a large number of antennas and is used to attain a closed form of the SNR. We thus write the numerator of (26) as (27) , shown at the bottom of the page. We then expand the second term in (27) to simplify it, i.e.,
Here, we have E{|u p,r | 2 } = 1 as u p,r is normalized and
where A p = (N p − 1) P r con is the average number of constructively interfering primary symbols per received symbol. Similarly, E{|
, where A c = N c P r con is the average number of constructively interfering cognitive symbols per received symbol. Here, P r con is the probability of the interference between two transmitted signals being constructive.
For the fourth term in (28), we have
For the first part of the last term in (28), we note that, for the constructive interference to be retained in the received signal, the angle θ of each interference term I m,r = u p,m ρ m,r = | I m,r | exp jθ is uniformly distributed in a constrained interval [0, θ 0 ]. The amplitude of interference that contributes on an instantaneous basis to the real part of the desired symbol is scaled by cos θ, and therefore
It is shown in [29] that
We write the expression for the average SNR of the received symbol at the primary receiver as
In this expression, we need to compute the probability of constructive interference P r con , E{|ρ r,· |}, and E{|ρ r,· | 2 }. In the case of QPSK modulation, the probability of the two transmitted symbols being constructive is provided here.
Rayleigh channel coefficient h r,n ∼ CN (0, 1), and I m,r given by (11), we have
Proof: See [22] for the details of the proof. 
where Γ(.) is the Gamma function [30] .
Proof: The statistics of cross-correlation coefficients can be obtained from the statistics of the channel coefficients. Matrix Q containing cross-correlation elements is given in (36), shown at the bottom of the page, where {h m,n } and {h m,n } represent the real and imaginary parts of h m,n , whereas h m,n denotes the generic channel coefficient. For the normalized Rayleigh channel, {h m,n }, {h m,n } ∈ N (0, 1/2). As the Gaussian variables {h m,n }, {h m,n } are i.i.d and uncorrelated, the product Y = {h m,n } · {h n,r } of the two variables is also Gaussian with
or Y ∈ N (0, 1/4). This also applies to all combinations of real and imaginary coefficients that appear in (36). We therefore have
Due to the symmetry of the real and imaginary terms of the channel coefficient, the values of (38) also apply to the second term of the right side of (36). Thus, |ρ m,r | is a Rayleigh random variable with [32] E{|ρ r,n | = (2σ
. By substituting N = N p + N c , we obtain the first and second moments of the correlation coefficients in the preceding SNR expressions. Following the preceding analysis, we also obtain the value of E{|ρ r,r | 2 } equal to M c .
Secondary SNR: To find the average SNR per symbol at the cognitive receiver, the received symbol at the rth antenna of the CU can be written as
where A pp = N p P r con and A cc = (N c − 1)P r con denote the number of transmitted signals that constructively interfere. Proceeding in the same way as in the primary SNR case, we write the final expression for the average SNR of the received symbol at CU as
1) PALP:
From the analysis of Section III-B, we note that all interference elements are phase rotated to fully align with the desired signal.
Primary SNR: The received symbol at the rth antenna of the PU is given by
The average received SNR per symbol is expressed as (42), shown at the bottom of the page. Similar to PLP, the numerator of (42) can be written as (43), shown at the bottom of the page. Expanding the second term in (43) to simplify it
For the last term in (44), we note that interference is now aligned with the desired signal due to the rotated correlation coefficient; we thus write
Proceeding in the same way as in the PLP case, the average received SNR is given as
Secondary SNR: The received symbol at the rth antenna of the CU can be written as
Proceeding in the same way as above, the average SNR per symbol for cognitive system is given as 
D. Probability of Error
The analytical probability of symbol error expression for M-PSK modulation in flat fading is given as [32] 
where g = sin 2 (π/M), and
The probability of symbol error can thus be calculated using (55) and (56) for QPSK modulation with M = 4 and substituting the SNR parameter for each precoding scheme described earlier.
V. ACHIEVABLE RATES OF PRIMARY AND COGNITIVE SYSTEMS In this section, we find achievable rates of the primary and cognitive systems when constructive-interference-based precoding is applied to the CBS. Outage performance is measured by the outage probability, which is defined as P out = P r(I <R), where I is the instantaneous achievable rate, and R is the targeted data rate. We find the achievable rate of the primary and secondary for the case when only primary is present, as well as the case of simultaneous transmission.
A. Achievable Rate of Primary in the Absence of Secondary Transmission
Here, we find the achievable rate of the primary when there is no secondary transmission. As assumed earlier, the PBS uses ZF precoding in the downlink. The achievable rate of the primary is thus given as
where β p = tr(T p T * p )/N p is the primary transmitted power normalization factor.
B. Achievable Rate of Primary and Secondary With Simultaneous Transmission
When both primary and secondary networks are present, we find the achievable rate of primary and secondary in the case of ZF precoding, as well as PLP and PALP.
In case of ZF precoding at the CBS, the mutual interference to primary and secondary networks is completely canceled, and thus, the achievable rate for primary and secondary is given as
where β ZF , which is the average common transmitted power normalization factor, is given by (9) . In case of PLP, constructive interference results in increase in signal power at primary and cognitive receivers, and the achievable rate expressions are given as
where SNR p,PLP and SNR c,PLP are given by (32) and (40), respectively. PALP leads to even further increase in signal power at the primary and cognitive receivers as the interference is now completely aligned with the desired signal, i.e.,
where SNR p,PALP and SNR c,PALP are given by (46) and (48), respectively.
C. Sum Rate Performance
The sum rates of the primary and secondary systems can be expressed as
where SNR pri and SNR sec represent the primary and secondary SNRs, respectively. Power allocation can be employed to improve the system sum rate. We consider the equal power allocation for primary and secondary systems, as well as the capacity achieving waterfilling-based power allocation, where the power per channel is allocated according to the singular values σ 2 of the channel matrix, leading to the power allocation
where µ is the waterfill level, P i is the power in the ith eigenmode of the channel, and x + is defined as max(x, 0) [34] . 
VI. SIMULATION RESULTS
In this section, we present the comparison of the SER and the outage performance of ZF, PLP, and PALP for the downlink scenario presented in Section II for different values of CBS transmitted power P c and the number of antennas in primary and secondary systems N p and N c . We use the primary only case as a reference where primary network uses all resources. We assume QPSK modulation in simulation and frequency flat fading decentralized channels whose estimation is assumed to be perfect. We assume that the primary network performs conventional ZF precoding to cancel the interference in the downlink. We study the performance of ZF, PLP, and PALP at the CBS to achieve simultaneous transmission without degrading the performance of the primary network.
A. SER Performance
Figs. 4-6 show the average SER performances of ZF, PLP, and PALP, respectively, for the primary and secondary systems when the interference link between the PBS and CUs is taken into account. The performance of primary-only case is also shown for comparison purposes. In Fig. 4 , we show the simulation and theoretical results for the primary SER performance comparison for ZF, PLP, and PALP. Here, PBS, PU, and CU employ 2 antennas each, i.e., M p = 2, N p = 2, and N c = 2. The CBS employs M c = 4(M c = N p + N c ) antennas. The PBS employs conventional ZF downlink precoding. Primary and secondary transmitted power are chosen as P p = 1 and P c = 2, respectively. It can be seen that the primary SER performance deteriorates with ZF precoding at the CBS due to increase in the average transmitted power. With application of PLP, only destructive interference is canceled while leaving constructive interference elements in their place. This results in improvement of the primary SER performance. The best performance is obtained with the use of PALP by rotating the phase of the destructive interference elements to make them constructive. In this case, all interference elements are now aligned with the transmitted signal, resulting in significant improvement of SER performance, almost matching the primaryonly performance. It is seen that there is a close match between simulation and theoretical results in each case. In Figs. 5 and 6, the average SER performance of the secondary system is shown for different values of antennas at the PBS and PU. Again, improvement in the SER performance can be seen with the use of PLP and PALP in comparison to the ZF. With increase in antennas for the PBS and PU, the SER performance of the secondary system is degraded, compared with the previous case, due to the extra interference brought in the system. 
B. Outage Performance
C. Effect of CSI Errors on the Performance
We assumed that perfect CSI of all channels is available at the CBS to allow it make use of the constructive interference concept to precode the CBS transmitted signal. We now discuss the case when the estimates of cross-interference channels H pc and H cp are not perfect. Fig. 8 shows the primary SER performance comparison with P p = 1, P c = 2, M p = 2, N p = 2, M c = N p + N c , N c = 2, and 5% CSI errors in the real and imaginary parts of channel coefficients H pc and H cp . We do not assume any specific channel estimation method here. We simply introduce a random Gaussian error to the real and imaginary parts of the actual channel coefficients with a variance of 5% to attain the erroneous channel coefficients. It is seen from Fig. 8 that the primary SER is severely degraded with the introduction of CSI errors. However, the trend of the performance degradation is similar to the conventional scheme that suggests that the proposed precoding technique is as sensitive to channel estimation errors as ZF.
D. Sum Rate Performance
Figs. 9 and 10 show the average sum rate performance of the primary and secondary systems for equal power allocation and waterfilling power allocation. It can be seen that the performance of primary and cognitive systems improves with the application of constructive-interference-based precoding. For conventional ZF, however, the channel is transformed by means of precoding into the identity matrix multiplied by the global scaling factor 1/β ZF , as shown in (10) . Therefore, the equivalent-channel eigenvalues are all equal to 1/β ZF , and waterfilling yields equal power allocation. Hence, no difference can be noted in the relevant ZF performance. Nevertheless, notable performance benefits with waterfilling can be observed for the PLP and PALP techniques.
VII. CONCLUSION
In this paper, we have considered spectrum sharing in a CR MISO downlink network, where the PBS and CBS transmit to a number of PUs and secondary users, respectively. We have proposed constructive-interference-based adaptive precoding techniques to improve the receive SNR and sum rate at PUs and secondary users. It has been shown through theoretical analysis and simulations that the use of constructive interference precoding with equal power allocation, as well as waterfilling power allocation for different users, achieves significant improvement in performance for PUs and secondary users. Further extension of this work will be to apply the concept of constructive interference to the case where noncausal primary message knowledge is not available, as well as applying CU selection to exploit multiuser diversity.
